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+��D] � 0� ��ý5ê"úÙêfü5ø ñÏ÷�ì5õ�úØíÙø)ë"úTò�ê"ôØê
í�ñÏùÏê�ì ñRí��#1Wê�ü�g*ñÏì�ü[h�ø)ì�í�ý�ê�ö�ø)ü�ü�îÕê#õ�
 í�ý�ê�úÙøÕöÓû�î)ñRí�øÕõ�ì¥ü�õ�ö�ñÏøÕì�� M�ø)÷#� 6�øÕú�í�ý�ê
ñÏü5ø ñÏþÚñHí�ø)ë�ê�î)ê"ëtí�ôØõ�ìÓë�ñRúÙê�ñÏì5üaM�ø)÷#��:�ø)ú íÙý�ê'ê�î)ê�ë�í�ôØõ�ö�ñÏ÷�ì�êtí�ø)ëXùaø)ì�êtí�øÕë�ê�î)ê"ëtí�ôØõ�ìTë�ñÏúØê��
��ý�ê�ñÏü�ø)ñÏþÚñRíÙø)ëTê�î)ê"ëtí�ôØõ�ì ë"ñÏúÙê�ýÚñÏúK9"õÏìÚñÏî�eÚõiò¤ú-íÙýÚñRíOñÏôØê � ê"ôØï �gê�ñÏùRê"üÅñRí�� W �
ñÏì5ükê�13íÙôÙê"ö�ê"îÌï�ë"õ�ý�ê�ôÙê�ìaí ��P ��ú#ñRúÐò�ê"îÕî�� *#ìkí�ý5êOõÏíÙý�ê"ô�ýÚñÏì�ü>ðgíÙý�êOê�î)ê�ë�í�ôØõ�ö�ñÏ÷��
ì�êtí�øÕë«ë�ñRúÙê«ý�ñÏú �aû�øÕíÙê�íÙû�ôÙþ�û5î)ê"ì�í?9"õ�ìÚñRî�eÚõiò¤ú �gê�ñRùÏê"ü ñHí � W �#� ��ý�ê«ò¤øÕü5í�ý õ�

íÙý�ê�9�õ�ìÚñÏî*eÚõiòAú �gê"ë�íÙôÙû�ö ë"õÏôÙôÙê�ú �gõ�ì�ü�ú�ò¤øÕí�ý�í�ý�ê�ë"õ�ôØôÙê"î)ñRí�øÕõ�ì�í�ø)ö�êÐõ�
�í�ý5ê#ü�ôÙø � ø)ì�÷íÙû�ôÙþ�û5î)ê"ì5ë"ê�� M�ø)÷�ú����3��ñÏì�ü � �OúØý�õiò=í�ý5êKeÚû	1	� úÙû�ô 
FñÏë"ê0��ñ � ê�ô�ñÏ÷Ïê"üfê"îÕê"ëtí�ôÙõÏúØí�ñHí�ø)ë �gõ��íÙê"ì�í�ø)ñÏî�ñÏú-ñ�
Jû5ì�ë�íÙø)õ�ìÁõ�
���fT]^6 �� M�ø)÷#� �3�*ø)ú�í�ý5ê«ñÏü5ø ñÏþÚñHí�ø)ë�ê"î)ê�ë�íÙôÙõ�ì ë�ñÏúØêÏð�ò¤ý�ê"ôØê
øÌí#ø)ú�õ�þ�úÙê�ô � ê"ü íÙýÚñRí#íÙý�êa9"õÏìÚñÏî,eÚõiò ø)ú#ì5ê�ñÏô#ú�í�ñRíÙø)õ�ì�ñÏôØïkñ�
^í�ê�ô#ø)ì5øÕí�ø)ñÏîVð 
FñÏøÕôÙîÌï�îÕõ�ì�÷
îÕø � ê�ü�ðÏíÙô�ñÏì�úØø)ê�ìaíÙú � ��ý5ê�í�ø)ö�ê�ñ�1Wø)ú 
Jõ�ô M�ø)÷�ú������#ñÏì�ü�� ��ë�õ�ôÙôØê"ú �/õ�ì5ü�íÙõ�ñ�í�õRí�ñÏî3í�ø)ö�êõ�
;�&�V�V�"%�� #��

�

�9��ý�ê 
FñÏú�í¤õ�úÙë�ø)î)î)ñRí�øÕõ�ì�ú�ë"õ�ôØôÙê"ú �/õÏì�ü�íÙõ ��P � õÏúÙë"øÕî)î)ñRí�øÕõ�ì�ú ����ì�ë�õ�ì��
íÙô�ñÏú�í�ð.M ø)÷"� � ��úÙý5õ1ò¤ú�íÙý�ê#ê"îÕê"ëtí�ôÙõÏö«ñÏ÷Ïì�ê�íÙø)ë�ë"ñÏúÙê#ò¤øÌí�ý¥íÙø)ö�ê���ü5ê �gê"ì�ü�ê�ì�í�ð�øÕôÙôÙê�÷�û�î)ñÏô
�^í�û�ôØþ�û�î)ê�ì�í  9"õÏìÚñÏîCeÚõiò¤ú�� MÚôÙõÏö M�øÕ÷"� ����ð�õ�ì�ê�ö�ø)÷Ïýaí�ñÏúÙúØû�ö�ê�íÙý�ê 9"õ�ì�ñÏîCeÚõiò¤ú�ñÏôÙê
õ�úØë"øÕî)î ñHí�õ�ô�ï�ð¢þ�û5í 
JôØõ�ö M�ø)÷"� :«øÌí#ø)ú�ë"î)ê"ñÏô�íÙýÚñRí#íÙý�ê�ï ñÏôÙêOí�û�ôØþ�û�î)ê�ì�í�ñÏþgõ�û5í�� W �#�
M¢ñÏú�í ��P � õ�úØë"øÕî)î ñHí�ø)õÏì�ú'ñRôÙê�õ�þ�úØê"ô � ê"ü 
Jõ�ô�í�ý�ê�ê�î)ê"ëtí�ôØõ�ö«ñR÷�ì�ê�íÙø)ë�ë"ñÏúÙê-ñÏú�ò�ê"î)î7�

��ý�ê�úÙê�ü�ø�/ê"ôØê"ì�ë�ê"ú�öÓû�ú�í�þ/ê�ñRúÙúÙõ3ë"ø)ñRí�ê�ü ò¤øÕíÙýfì�õ�ì�îÕø)ì�ê"ñÏô)��ý�ï3úÙøÕë"ú�þ/ê�ë�ñÏû5úÙêTò'ê
ýÚñ � ê ��ôØê � ø)õÏû�úÙîÌïMúÙý5õ1ò¤ìAí�ýÚñHí*í�ý�êÿî)øÕì�ê�ñRô"9"õ�ì�ñÏî�eÚõiò�ü5ï3ìÚñRö�øÕë"ú*ë�ýÚñÏì5÷�ê"ú�î)øÌíÙí�îÕê
þgê�í�ò�ê"ê�ìËñRü�ø ñÏþ�ñRí�øÕë«ñÏì5ü ùaø)ì�êtí�ø)ë�ê"îÕê"ë�íÙôÙõ�ì  ���7� ��ý�ê¥ñÏü�ø ñRþÚñRí�øÕë�ê�î)ê�ë�í�ôØõ�ìÝñ��#��ôÙõ.1Wø �
ö�ñRí�øÕõ�ìÁôÙêO�aû�øÕôÙê�ú�í�ýÚñHíÓê"îÕê"ëtí�ôÙõÏìÝö�õÏíÙø)õ�ìÁø)ú-í�øÕê"üÅíÙõfñ�eÚû�1ÅúÙû5ô 
FñÏë�ê�� ��ý�øÕúÓø)úOì�õÏí
íÙý�ê*ë�ñÏúØê*ò¤øÕí�ýÝùaøÕì�ê�íÙø)ë¥ê�î)ê"ëtí�ôØõ�ì�úTí�ýÚñHíTë�ñÏì J 1H� ü5ôÙø 
^íTñÏë"ôØõ�úÙú eÚû	1 úÙû�ô 
FñÏë"ê�ú �=� í
ýÚñRú�ñÏîÕúÙõ�þ/ê�ê"ì úØý�õiò¤ì ø)ì ôÙê"ü5û�ë"ê�üceÚû�ø)üÁö�õWü�ê�î)ú�í�ýÚñHíÓñ�ì�õ�ì���ñÏü�ø ñRþÚñRí�øÕëTê"îÕê"ë�íÙôÙõ�ì
ôØê"ú �gõ�ì�úØê ë�ñRì þ�îÕõWë�ù íÙý�êkîÕõ1ò � +8ë�õ�ì�ü�ê�ì�ú�ñRíÙø)õ�ìËõ�
�eÚû5ë�í�û�ñRí�øÕõ�ì ê�ì�ê"ôØ÷Ïï õÏþ�úÙê�ô � ê�üøÕì ��ñRúÙê"÷�ñiò'ñ�� ��ø)ö�ñ�íÙû�ôÙþ�û5î)ê"ì5ë"ê  $D��ð $#���7� M�øÕìÚñÏîÕîÕï�ð7ò�ê¥ýÚñ � ê¥ñÏìÚñÏîÌï 9�ê"ü íÙý�ê'eÚû	1	�úØû�ô 
FñÏë�ê"ü���ñ � ê"ôÙñÏ÷�ê�ü?� � ð¤õ�ô 9"õ�ìÚñRî �Úê�î)ü�ú.%$ �3ð�$ $Wð�$�,���øÕì ñÅúØø)ö�ø)î ñRô 
FñÏúÙý�øÕõ�ì�� >Åê
�Úì5ükí�ý�ê89"õ�ì�ñÏî �Úê"îÕü�ú�íÙõ«þgê�ôÙê�î ñRíÙø � ê"îÕï«ò'ê"ñÏù�ò¤øÌí�ýkñÏì ñÏö ��îÕøÕí�û5ü�ê-ñ��"��ôØõ�1WøÕö«ñRíÙê"îÌï
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3�íÙø)ö�ê"úOúÙö�ñÏî)îÕê"ô�í�ýÚñRì í�ý�ê«íÙû�ôÙþ5û�î)ê�ìaí � � � ��ý5ø)úÓøÕú�ë"õÏì�úÙøÕúØí�ê�ì�íTò¤øÕí�ý í�ý�ê�õ�ôÙêtí�ø)ë"ñÏî
��ôØê"ü�øÕë�íÙø)õ�ì�ú�ø)ì é¤ê�
 �  $ $���íÙýÚñRíTúØý�õiò íÙý�ê"ôØê�øÕúTñfúØíÙôÙõ�ì�÷fúØý�ø)ê�î)ü�øÕì�÷fê /ê"ëtí�õ�ìÝí�ý�ê
9�õ�ìÚñÏîC��ê"î)ü5ú¤íÙýÚñRíÐø)ú�õÏì�íÙý�ê�ê"îÕê"ë�íÙôÙõ�ì�úÙùaøÕì�ü�ê��5í�ý�úÙë"ñÏî)ê %$ 3����

� ��æ � � �Óã �
é¤ê"úØû�îÕíÙú 
JôÙõ�ö ��� 	 � 8 úÙøÕöÓû�î)ñRí�øÕõ�ì�ú�õ�
-ê"î)ê�ë�íÙôÙõ�ö�ñÏ÷�ì�êtí�øÕë�íÙû�ôÙþ�û5î)ê"ì5ë"ê ò�ê"ôÙê ��ôØê��
úØê"ì�í�ê�ü�� ��ý5ê¥úÙøÕöÓû�î ñHí�ø)õÏì ýÚñRúÓþ/ê�ê"ì þgê"ì�ë�ý�ö�ñÏôØùÏê"ü îÕø)ì�ê"ñÏôÙîÌïÁñÏì�ü úØý�õiò¤ì8íÙõ �/ê�ô �

Jõ�ôØö�ò'ê�î)î�õ�ì þÚñÏúÙøÕë�ê�î)ê�ë�í�ôØõ�ö�ñÏ÷�ì�êtí�ø)ë ��î)ñÏúÙö�ñ ��ôÙõÏþ�î)ê�ö�ú��`S�ñÏö�ê"îÌï�ð�î)øÕì�ê�ñÏô�úØý�ê�ñÏô
P�î 
 ���ê"ì�ò�ñ � ê�ü�ñÏö �5ø)ì�÷-ñÏì�ü«î)ø)ì5ê�ñÏôXñÏì�ü�ì�õ�ì�îÕø)ì�ê"ñÏô�ë"õ�îÕî)øÕúÙø)õÏì�î)ê�úÙú
ö�ø)ë"ôØõÏí�ê"ñÏôÙøÕì�÷"���V�	�� 8\ö�ê�íÙý�õWü5ú�ñRôÙê�û�úÙê�
Jû�î 
Jõ�ô�ê"ì5úÙû�ôØø)ì�÷ ��ôÙõ��/ê�ôÐôØê"úØõ�î)û5íÙø)õ�ì�õ�
 ë"õÏö ��îÕø)ë"ñRí�ê�ü �5ýÚñÏúÙê
ú �ÚñÏë"ê�ü5ï3ìÚñÏö�ø)ë�ú � ��û�ôØþ�û�î)ê�ì�ë"ê�úÙøÕöÓû�î)ñRí�øÕõ�ì�úTõ�
�í�ï��5ø)ë�ñRî � ��ö�õ3ü�ê���î ñÏúØö«ñRúTúÙý�õiò
íÙýÚñRíOñ*ì�õ�ì�îÕø)ì�ê"ñÏô�û"��� úÙý�ø 
^í�ø)ìÿí�ý�ê�ë"ôØøÕíÙø)ë�ñRî;÷�ô�ñRü�ø)ê�ìaí�øÕú�úØí�øÕî)î õ�þ�úÙê�ô � ê"üÅò¤øÌí�ýÁê"î)ê�ë��íÙôÙõ�ö�ñÏ÷�ì�êtí�øÕë#ùaø)ì�êtí�ø)ë�ê"î)ê�ë�íÙôÙõ�ì�ú�ðÚþ�û5í¤í�ý5ê-õ � ê"ô�ñRî)î7ë"ôØøÕíÙø)ë�ñRî>÷�ôÙñÏü�ø)ê�ì�í�ø)ú�öÓû5ë�ý�îÕõ1ò�ê"ôü�û5ê�í�õ«íÙô�ñ��#�/ê�ü ê"îÕê"ë�íÙôÙõ�ìfü5ôÙø � ê�� M ø)ì�øÌí�ê�� �Åú�í�ñÏþ�øÕî)ø:9�ñRíÙø)õ�ì�ø)ú�úØíÙôÙõ�ì�÷¥ò¤ý5ê"ì UV%�W �5ð
þ�ûWí�ò�ê�ñÏù�ò¤ý�ê"ì U�%�W U<! � ��ý5ø)ú�ö�ê�ñRì�ú�íÙýÚñRí)�Ýü5ê �gê"ì�ü�ê�ì�ë"ê�ö�ñ�ï�þgê�ú�í�ôØõ�ì�÷�ê�ô�ø)ì
��î)ñÏúÙö�ñÏú'ò¤ý5ê"ôÙê�í�ý5ê-øÕõ�ì*í�ê�ö �gê"ôÙñRí�û�ôØê ��ôÙõV��î)ê�ø)ú�ö�õ�ôØê �/ê"ñÏùÏê�ü�í�ý�ñÏì�íÙý�ê�ê"îÕê"ë�íÙôÙõ�ì
íÙê"ö �/ê�ô�ñRíÙû�ôÙê �5ôÙõV�ÚîÕê��  ��gê"ëtí�ôÙñÏî ��ôØõ �/ê�ôØíÙø)ê"ú�õ�
Xùaø)ì�êtí�ø)ë�ê"î)ê�ë�íÙôÙõ�ìkíÙû�ôÙþ5û�î)ê�ì�ë"êÓò�ê"ôØê
ôØê �gõ�ôØíÙê"ü����>õ�ì�ñÏîEeÚõiò¤ú#ñÏôØê 
JõÏû�ì�ü�íÙõ«þgêOö�õ�ôØê�íÙû�ôÙþ5û�î)ê�ìaíÐò¤øÕíÙýkùaø)ì5ê�í�øÕë�ê"î)ê�ë�íÙôÙõ�ì�ú
øÕìÅë"õÏìaíÙô�ñÏú�íÓí�õ�ì�ê�ñRô�úØí�ñRí�øÕõ�ìÚñÏô�ï)9"õ�ìÚñRî�eÚõiò¤ú�ò¤øÌí�ýÅñÏü�ø ñRþÚñRí�øÕë�ê"î)ê�ë�íÙôÙõ�ì�ú���Z7ø)ì5ê�ñÏô
þgê"ýÚñ � ø)õÏô�õ�
¤í�ý5ê"9"õ�ì�ñÏî eÚõiòBø)úOúÙø)ö�ø)î)ñÏô�ø)ì þgõÏíÙýÝë�ñÏúØê"ú � ��õ�ôØê«í�ý5ê"õ�ôØê�í�øÕë�ñÏîXò'õÏôÙù
øÕú�ì�ê�ê"ü�ê�üÿíÙõ¥ê�1���î)ñÏø)ì�í�ý�ê�íÙû�ôÙþ5û�î)ê�ìaí�9"õ�ìÚñRî eÚõiò¤ú#ò¤øÌí�ý ùaø)ì5ê�í�øÕë�ê�î)ê"ëtí�ôØõ�ì�ú ���>õÏìÚñÏî
�Úê�î)ü�úÐñÏôØê)
Jõ�û�ì�ü�í�õ�þgê�ò'ê"ñÏù¢ðgë�õ�ì�úØø)úØíÙê"ì�í¤ò¤øÕíÙý�íÙý�ê"õ�ôØê�íÙø)ë�ñRî���ôÙê�ü�ø)ëtí�øÕõ�ì�ú �

� ç��*á ä �O� ��å�� � ��á¥â 	

��ýÚñRì�ùaú í�õ � ��\#ê�ë�ï3ë�ù¢ð	�#� S �HZ7ê�þ/õ3ê"û#
�ð�/)8 Z P ñÏì�ü \ �� 3ý3û5ö«ñÏùRê"ô�ð1Z,ZTS�Z 
Jõ�ô�ý�ê�î ���

Jû�î7ë�õ�î)î)ñÏþgõ�ô�ñRíÙø)õ�ì5ú ����ý�ø)ú�ò�õ�ôÙù�øÕú ��ñÏôØíÐõ�
 í�ý�ê� Wû�ö�ö�øÌí�MÚô�ñÏö�ê�ò�õ�ôØù # ð 8'õ�ö ��û5í�ñ��
íÙø)õ�ìÚñRî 8'ê�ì�í�ê"ô)
JõÏô�í�ý5ê  3íÙû�ü5ï õ�
�	�î)ñÏúÙö�ñ ��ø)ë"ôØõÏí�û5ôÙþ�û�îÕê"ì�ë�êÏð>ñÏì *���ë"êÓõ�
�MÚû�úØø)õ�ì
J
ì�ê�ôÙ÷Ïï  Wë�ø)ê�ì�ë"ê�ú"ð /Ðì�øÕíÙê"ü' 3í�ñHí�ê"ú \#ê ��ñÏôØíÙö�ê�ìaí�õ�
�J
ì�ê"ôØ÷Ïï�ð  Wë�ø)ê"ì�íÙø:�Úë>\#ø)úØë"õ � ê�ôØïíÙý�ôÙõ�û5÷�ý P�ü � ñÏì5ë"ê"ü�8'õ�ö ��û5íÙø)ì�÷ �7 Wë"ø \�P 8�"	
ôØõ<;Øê"ëtí.� ��ýÚñÏì�ùaú*í�õ  �%� ���Ïõ�ì�ê�ú"ð
/Ðì�ø � �
õ�
 8'õ�î)õÏô�ñÏü�õ5ðd�'õ�û�îÕü�ê"ô��
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Figure 7: Two-dimensional power spectrum  |φ|2(x, ky, ω) in the adiabatic 
electron limit showing the dominance of the zonal flows. 
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Figure 8: Two-dimensional power spectrum  |φ|2(x, ky, ω) for electromagnetic
kinetic electron turbulence showing a more turbulent spectrum overall. 
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Figure 9: Two-dimensional power spectrum  of the flux-surface-averaged 
electrostatic potential |<φ>|2(kx, ω) for electrostatic adiabatic electron 
turbulence. Zonal flow spectra is narrowly peaked about ω = 0.
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Figure 10: Two-dimensional power spectrum of the flux-surfaced-averaged 
electrostatic potential |<φ>|2( kx, ω) for electromagnetic kinetic electron 
turbulence showing a more turbulent zonal flow spectrum.  
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Figure 11:The flux-surface-averaged electrostatic potential for electrostatic 
adiabatic electron turbulence. Zonal flows are near stationary.
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Figure 12: The flux-surface-averaged electrostatic potential for electromagnetic
kinetic electron turbulence. Zonal flows are more turbulent.
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